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Abstract
The field of population genetics is rapidly moving into population genomics as the quantity of data generated by
high-throughput sequencing platforms increases. In this study, we used restriction-site-associated DNA sequencing
(RADSeq) to recover genomewide genotypes from 70 white-beaked (Lagenorhynchus albirostris) and 43 Atlantic
white-sided dolphins (L. acutus) gathered throughout their north-east Atlantic distribution range. Both species are at
a high risk of being negatively affected by climate change. Here, we provide a resource of 38 240 RAD-tags and
52 981 nuclear SNPs shared between both species. We have estimated overall higher levels of nucleotide diversity in
white-sided (p = 0.0492  0.0006%) than in white-beaked dolphins (p = 0.0300  0.0004%). White-sided dolphins
sampled in the Faroe Islands, belonging to two pods (N = 7 and N = 11), showed similar levels of diversity
(p = 0.0317  0.0007% and 0.0267  0.0006%, respectively) compared to unrelated individuals of the same species
sampled elsewhere (e.g. p = 0.0285  0.0007% for 11 Scottish individuals). No evidence of higher levels of kinship
within pods can be derived from our analyses. When identifying the most likely number of genetic clusters among
our sample set, we obtained an estimate of two to four clusters, corresponding to both species and possibly, two fur-
ther clusters within each species. A higher diversity and lower population structuring was encountered in white-
sided dolphins from the north-east Atlantic, in line with their preference for pelagic waters, as opposed to white-
beaked dolphins that have a more patchy distribution, mainly across continental shelves.
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Introduction
Ecological and evolutionary studies of natural popula-
tions are increasingly based on molecular data at a ge-
nomewide scale (e.g. Emerson et al. 2010; McCormack
et al. 2012; Reitzel et al. 2013; Fabre et al. 2014). Decreas-
ing experimental costs related to the advent of high-
throughput sequencing (HTS) methods make affordable
the discovery, sequencing and genotyping of thousands
of genetic markers, even for non-model organisms and
taxa where little genetic information is available a priori
(Davey et al. 2011).
In recent years, restriction-site-associated DNA
sequencing approaches have become extremely popular
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(RADSeq; Davey & Blaxter 2011; Wang et al. 2012;
Elshire et al. 2011; Peterson et al. 2012). This approach
can deliver high-resolution population genomic data on
thousands of genetic markers (single nucleotide poly-
morphism (SNPs)). With RADSeq, only short genomic
regions located in the vicinity of enzymatic restriction
sites are targeted and deep-sequenced, which consider-
ably reduces sequencing costs. RADSeq is particularly
appropriate when no closely related reference sequence
is available and, therefore, when efficient capture probes
targeting specific regions of interest are difficult to
design based on the sequence information from only dis-
tant evolutionary relatives (Davey et al. 2011). The ques-
tion of whether or not RADSeq, or other reduced-
representation methods (Poland et al. 2012), will be
replaced by whole-genome sequencing in conservation
genetics in the near future is still contentious, especially
given that many research questions can be addressed
with only a limited set of genetic markers and that full-
genome sequencing still remains prohibitive for most
laboratories (Allendorf et al. 2010; Davey et al. 2011).
In this study, we used RADSeq for the discovery
and genotyping of genetic markers in two related spe-
cies of cetaceans: the white-beaked (Lageno-rhynchus
albirostris) and Atlantic white-sided (Lageno-rhynchus
acutus) dolphin. At present, only a limited number of
complete genomes of cetacean species have been
sequenced (Lindblad-Toh et al. 2011; Zhou et al. 2013;
Yim et al. 2014; Foote et al. 2015), and only three (the
bottlenose dolphin, Tursiops truncatus; the Yangtze
River dolphin, Lipotes vexillifer; and the killer whale,
Orcinus orca) belong to the same suborder as Lagen-
orhynchus (suborder Odontoceti; i.e. toothed whales).
The bottlenose dolphin represents the closest relative
to the two species targeted in this study that has been
sequenced at the genome level. The most recent com-
mon ancestor between bottlenose and white-beaked
dolphins is estimated to have lived 9.4 Ma, while that
between bottlenose and white-sided dolphins probably
lived around 8.9 Ma (McGowen et al. 2009). Given
such divergent times and the fact that our samples
had been stored over relatively long time periods (see
Materials and methods section), RADSeq was preferred
over target enrichment capture or RNA sequencing to
characterize a genomewide catalogue of SNP markers
that could help explore patterns of population differen-
tiation over a significant part of the dolphins’ geo-
graphical range.
White-beaked and white-sided dolphins are endemic
to the North Atlantic (Shirihai & Jarrett 2006). Despite
sharing the same climatic preferences, in the north-east
(NE) Atlantic white-beaked and white-sided dolphins
have different habitat preferences. While the former is
restricted to shelf waters and divided by areas of deep
oceanic waters into a number of geographically isolated
aggregations, the latter currently spreads over a more
continuous distribution in oceanic waters (Lambert
2012). Both species are at high risk of being negatively
affected by climate change in the forthcoming decades,
most likely through population fragmentation, with an
up to 80% loss of suitable habitat predicted for the
white-beaked dolphin, especially within its southern-
most core range (MacLeod 2009; Lambert 2012; Lam-
bert et al. 2014). Current climate change models predict
a poleward habitat shift for both species (MacLeod
2009), following a pattern reminiscent of the ongoing
shift observed for the closely related Pacific white-
sided dolphin (Lagenorhynchus obliquidens; Salvadeo
et al. 2010). Even though Atlantic white-sided and
white-beaked dolphins are currently classified as ‘Least
Concern’ by the International Union for the Conserva-
tion of Nature (IUCN), the ‘Agreement on the Conser-
vation of Small Cetaceans of the Baltic, North East
Atlantic, Irish and North Seas’ (ASCOBANS, 2009) con-
sidered the protection of white-beaked dolphins to be a
priority for research on both sides of the North Atlantic
together with the development of additional genetic
studies, including new markers, for white-sided dol-
phins. The relevance of population studies addressing
the demography and level of connectivity in both spe-
cies is indisputable, especially in European waters that
hold a significant part of their global populations (Mac-
Leod 2013).
A previous phylogeographic survey identified three
genetically differentiated populations (north-west (NW)
Atlantic, north Norwegian and North Celtic Seas)
among 116 white-beaked dolphins (Banguera-Hin-
estroza et al. 2010). The haplotype diversity was found
to be moderate using 323 bp of the mitochondrial D-
loop (h = 0.7320  0.00031). The nucleotide diversity
was low (p = 0.56  0.04%), possibly as a result of a
recent demographic bottleneck resulting from human
activities (ASCOBANS, 2009; Banguera-Hinestroza et al.
2010). In contrast, no clear substructure was found
between NW (N = 88) and NE (N = 267) Atlantic
white-sided dolphins (Banguera-Hinestroza et al. 2014).
Within the NE Atlantic, genetic differentiation was sig-
nificant between white-sided dolphins from the Faroe
Islands and those from the North Sea and the Scottish
coast when considering 322 bp of the mtDNA D-loop
region. Microsatellite data, however, only revealed mar-
ginal differentiation between the populations in the
Shetland Islands and the west coast of Scotland
(Banguera-Hinestroza et al. 2014). Although overall
haplotype diversity was high (h = 0.9270  0.007),
nucleotide diversity was relatively low (p = 0.9 
0.3%), and there was evidence of historical bottlenecks
and post-bottleneck expansions (Banguera-Hinestroza
© 2015 John Wiley & Sons Ltd
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et al. 2014). Mirimin et al. (2011) sequenced 599 bp of
the D-loop region for 41 white-sided dolphins sampled
in Ireland and reported similar levels of haplotype
diversity (h = 0.946  0.020) and lower nucleotide
diversity (p = 0.7  0.4%) than the findings from
Banguera-Hinestroza et al. (2014). Overall, population
genetic information for both species is still preliminary
and limited by the amount of genetic markers consid-
ered, which have been mostly mitochondrial. We there-
fore undertook a large-scale genetic survey of white-
beaked and white-sided dolphins, focusing on the
recovery of a large nuclear SNP panel of animals sam-
pled across their NE Atlantic range. More specifically,
we sampled 113 specimens of white-beaked (N = 70)
and white-sided (N = 43) dolphins (Fig. 1) and used
RADSeq to identify 52 981 SNPs in both species and
39 065 species-specific diagnostic markers. In addition,
we explored the possible existence of intraspecific pop-
ulation substructure, approximated effective population
sizes for both species and estimated genetic diversity
indices. This data set will help define strategies for the
future conservation of both species.
Materials and methods
RAD-tag sequencing
Samples (skin/muscle) were collected along the distribu-
tion range of the species within the NE Atlantic between
1978 and 2012. A total of 43 L. acutus samples (11
females, 32 males) were gathered from Ireland (N = 12),
Scotland (N = 11), the Faroe Islands (N = 18), Germany
(southern North Sea; N = 1) and France (N = 1), while 70
L. albirostris (40 females, 30 males) were sampled from
Ireland (N = 6), Scotland (N = 21), Germany, Denmark
and Norway (southern North Sea; N = 18), Norway (Ba-
rents Sea; N = 6), Iceland (N = 18) and France (N = 1;
Table S1, Supporting information, Fig. 1). Samples were
kept frozen at 20 °C, in 96% ethanol, or both. Samples
were obtained from individuals that had become
stranded on the coast, individuals by-caught in fishing
operations or using remote biopsy sampling, except for
specimens from the Faroe Islands that were hunted
(NAMMCO Annual Report 2006) and belonged to three
pods landed in three different days and in three different
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Fig. 1 Sampling locations of the speci-
mens included in this study.
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locations (Table S1, Supporting information). From one
of the pods, only one individual was sequenced while
seven and ten specimens from the other two pods were
analysed. An additional L. albirostris sample from Ireland
was processed and sequenced but not included in fur-
ther analyses due to potential mislabelling of the sample.
Prior to DNA extraction, tissue was fragmented in a
Tissuelyser (QIAGEN) using 0.5-mm DNA-free beads
(QIAGEN). Genomic DNA was extracted using the
DNeasy Blood and Tissue Kit (QIAGEN) following the
manufacturer’s instructions, except that samples were
left digesting for a total of 14–38 h at 56 °C and that the
elution buffer was incubated on the column at 37 °C for
15 min prior to final spinning. Blanks were included in
all extractions to detect potential cross-contamination.
Concentrations of DNA extracts used for library building
were assessed using Qubit (Life Technologies) and are
specified in Table S1 (Supporting information).
RADSeq libraries were built following a customized
protocol based on Baird et al. (2008). In brief, 1 lg of
genomic DNA was digested at 37 °C overnight for at
least 14 h in a 50 lL reaction with 40–45 units of the
restriction enzyme SbfI-HF (NEB). For each sample, the
digested product was ligated to a P1 6-bp-barcoded
adapter (Table S2, Supporting information) through a
60 lL reaction containing 1000 units of T4 ligase (NEB)
and 1 mM rATP. Barcodes were selected to differ by a
minimum of 2 nucleotides in order to minimize sample
misclassification due to sequencing errors. After P1
adaptor ligation, libraries combining the products of four
samples (2 lg total DNA) were built and sheared in a
Bioruptor (Diagenode) using 4 cycles of 30 s on and 90 s
off, with power settings on high. On one occasion, the
library contained products of two samples only
(GER_16411 and GER_3614). Whenever possible, sam-
ples with DNA extracts showing similar concentration
were merged in the same library to avoid overrepresent-
ing a particular sample. Fragmented products were size-
selected to target 300- to 600-bp-long templates using
Agencourt AMPure XP magnetic beads. The efficiency of
the size-selection procedure was assessed using 2% aga-
rose gels. Selected fragments were blunt ended (Quick
blunting kit, NEB) and A-tailed (Klenow fragments, 30 to
50 exo, NEB) following manufacturer’s instructions. A-
tailed fragments were ligated to a P2 adapter (Table S2,
Supporting information) through a 50 lL reaction con-
taining 1000 units of T4 ligase (NEB) and 1 mM rATP.
PCRs of 25 lL total volume were carried out consist-
ing of 19 AmpliTag Gold PCR buffer, 4 mM MgCl2, 1 lg
BSA, 2.5 units AmpliTaq Gold (Life Technologies), 1 mM
dNTP, 0.5 lM of forward and reverse Illumina TruSeq
primers (Table S2, Supporting information) and 14.25 lL
library template. After an initial denaturation at 92 °C
for 10 min, we performed 26–28 amplification cycles of
92 °C for 30 s, 60 °C for 30 s, 72 °C for 40 s and a final
extension of 72 °C for 7 min. Libraries were pooled (8–10
libraries per lane) and sequenced as single reads on an
Illumina HiSeq2000 platform at the Danish National
High-throughput DNA Sequencing Centre.
QPCR sex determination
For the majority of the specimens (N = 98), sex was
determined by qualified staff during necropsies. For 15
individuals, mostly those sampled through biopsies and
for which information on gender was not available or
unconfirmed, sex was determined by qPCR (Table S1,
Supporting information) using the primers CetZFXY_F1
and CetZFXY_R1 and CETZFX and CETZFY probes
based on Morin et al. (2005). PCRs of 30 lL total volume
were carried out and consisted of 1 lL of DNA, 19
AmpliTaq Gold PCR buffer, 2.5 mM MgCl2, 12 lg BSA,
1.2 units AmpliTaq Gold, 0.25 mM dNTP, 0.25 lM of for-
ward and reverse primers and 0.2 lM of each probe. PCR
amplification was performed in a Stratagene qPCR sys-
tem under the following conditions: after an initial dena-
turation at 95 °C for 5 min, 60 amplification cycles of
95 °C for 10 s and 60 °C for 1 min were carried out
followed by a final extension of 40 °C for 1 min.
SNP identification
Illumina reads were demultiplexed per library based on
the sequence of primer indexes. The software ADAPTER-
REMOVAL (Lindgreen 2012) was used to trim potential
adapter sequences at the 30 end of the reads (Fig. S1,
Supporting information). In addition, stretches of N’s
and bases with a Phred quality score lower than 2 were
removed from the ends of the reads. Only reads equal to
or longer than 36 bp following trimming were retained.
Individual libraries were demultiplexed per sample
(based on the sequence of the different P1 6-bp-barcoded
adapters used), quality filtered and assembled using the
STACKS tool kit v. 1.09 (Catchen et al. 2013). First, reads
were demultiplexed based on their individual barcodes
and quality filtered using process_radtags. No mis-
matches were tolerated within individual barcodes or
RAD-tag cut sites, and we discarded sequences for which
the mean raw Phred quality score dropped below 20
within a sliding window consisting of 15% of the read
length. Preliminary analyses with no further trimming/
filtering showed an increase in SNP frequency towards
the 30 end of the reads. As the latter probably corresponds
to spurious polymorphisms resulting from increasing
amounts of sequencing errors (Fig. S2, Supporting infor-
mation), we retained reads truncated to 76 bp.
As no reference genome is available for L. albirostris
and L. acutus, the ustacks, cstacks and sstacks options
© 2015 John Wiley & Sons Ltd
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within STACKS were used to de novo assemble loci. All the
samples listed in Table S1 (Supporting information) were
used to build a RAD-tag catalogue. The minimum num-
ber of identical reads (m) needed to form a stack was set
to 3. For each individual, the maximum number of mis-
matches allowed to group stacks as a single locus was set
to 2 (M). Loci identified in different individuals were
merged into single loci, or RAD-tags, when a maximum
of 2 mismatches was found (n). Prior to the selection of
the most adequate final set of parameters, tests were run
separately for five white-beaked and five white-sided
dolphins, where we explored the use of Phred quality
scores of 10, ‘M’ values between one and five, and ‘n’ val-
ues between zero and six. Overall, our selected parame-
ter settings largely matched the recommendations from
Viricel et al. (2014) when assessing the use of RAD-tag
genotyping for interfamilial comparisons of two species
of cetaceans. Highly repetitive sequences were removed
or broken down using the ‘-t’ option. Each RAD-tag was
given an ID and included into a reference catalogue.
We subsequently applied the correction module
rxstacks to the obtained data in order to (i) re-evaluate
SNP calls in every individual using the bounded SNP
model to recall the site as either homozygous or hetero-
zygous, (ii) blacklist RAD-tags matched by several stacks
for a single individual in the population, (iii) prune
excessive haplotypes from individual loci according to
the prevalence of haplotypes for a given catalogue locus
and (iv) assign a likelihood to every locus in the popula-
tion, which reflects the overall confidence of the SNP call.
Finally, the populations module from STACKS was used to
identify a final set of orthologous loci and SNPs. For any
individual, loci were retained if the depth of coverage
was at least five.
Data analysis
The populations module within STACKS was used to
approximate heterozygosity and nucleotide diversity val-
ues. For such analyses, each species was considered as a
differentiated population. RAD-tags showing more than
two SNPs (N = 6187) were excluded from the analysis.
We used the ADMIXTURE program (Alexander et al. 2009)
to detect population structure, considering various num-
bers of putative clusters ranging from 1 to 6 and compu-
ting fivefold cross-validation error to select the most
suitable number of clusters (Alexander & Lange 2011).
Results
Identification of RAD-tags
A total of 497 394 094 sequences were analysed through
process_radtags. Of these, 152 438 128 were removed due
to ambiguous barcodes (no mismatch allowed),
34 521 074 were removed due to ambiguous RAD-tag
cut sites (no mismatch allowed), and 34 371 085 did not
meet our quality (see Materials and methods section) or
length (76 bp) criteria. Thus, a total of 276 063 807 reads
of 76bp were retained as the input for subsequent com-
ponents of the pipeline. Note that these numbers include
the additional Irish sample that was processed and
sequenced but not included in downstream analyses (see
the Materials and methods section).
A total of 179 170 RAD-tags were identified among
the 113 individuals analysed and stored as a RAD-tag
catalogue. The average number of loci that matched the
catalogue per individual was 15 395 (with individual
counts ranging from 4 to 73 967). Average numbers were
slightly higher for L. albirostris (15 703; with individual
counts ranging from 4 to 73 967) than for L. acutus
(14 893; with individual counts ranging from 637 to
73 124). From the RAD-tags present in the catalogue,
122 430 (68.3%) were monomorphic, 32 994 (18.4%) con-
tained one SNP, and 17 559 (9.8%) contained two SNPs.
From these, 38 240 RAD-tags with one or two SNPs
shared between white-beaked and white-sided dolphins
are provided here as a resource of 52 981 nuclear SNPs
(Table S3, Supporting information). A total number of
39 065 SNPs were found to be species-specific diagnostic
markers. The SNP density present in our resource RAD-
tag catalogue is one SNP every 193 bp, and the transi-
tion/transversion ratio is 2.56 (Fig. 2). The number of
SNPs per individual varied between zero (for the indi-
vidual from which only 4 RAD-tags were recovered,
Fig. 2 Transitions and transversions occurring within the panel
of 52 981 SNPs. TrSit = Transition; TrVer = Transversion.
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IRE_117, Table S1, Supporting information) and 42 313
(for the individual FAE_394, Table S1, Supporting infor-
mation).
Population structure
Genomewide levels of diversity were estimated through
the populations module included in STACKS. L. albirostris
showed consistently lower levels of genetic variation
than L. acutus, with estimates corresponding to about
61% and 62% of the nucleotide diversity and heterozy-
gosity observed in L. acutus, respectively (Table 1). Simi-
larly to Pujolar et al. (2013), and assuming a neutral
model of evolution and a random-mating population of
constant size, effective population size (Ne) can be
approximated using our estimates of nucleotide diversity
(p) and the formula p = 4*Ne*l (Tajima 1983), where l is
the mutation rate per site per generation. Considering
estimates of mutation rates for the bottlenose dolphin,
0.84 9 109 mutations per site per generation, or for the
Yangtze River dolphin, 1.22 9 109 (Zhou et al. 2013),
our estimates of Ne ranged between 61 253 and 88 963
for L. albirostris and between 100 775 and 146 363 for L.
acutus.
To fulfil the independence assumption required in
ADMIXTURE analyses (Alexander et al. 2009), we randomly
selected one SNP when a given RAD-tag showed two
SNPs. Based on the cross-validation error, ADMIXTURE
determined the most likely number of clusters among
our sample set to be four (K = 4; Fig. 3), although cross-
validation error values were very similar for K = 2
(0.427), K = 3 (0.430) and K = 4 (0.422; Fig. 3). This parti-
tion of the samples therefore established the presence of
one or two clusters within each of the two species
(Fig. 4a,b). For K = 3, all L. acutus are assigned to a single
cluster, while L. albirostris (except ICE_SV2, see below)
are assigned to two additional clusters (figure not
shown). Note that only 112 dolphins have been included
in this analysis because no SNPs were recorded for indi-
vidual IRE_117.
Interestingly, and regardless of the value considered
for K, the sample ICE_SV2, identified in its necropsy
as L. albirostris, is genetically assigned to L. acutus
(Fig. 4a,b). This result could represent a species
misclassification of the individual in the field or a
misclassification due to the admittedly low number of
SNPs involved in our analysis for this individual (53
SNPs distributed along 42 loci). Alternatively, it
could also indicate the presence of hybrids between
both species. To further explore these hypotheses, we
determined the number of species-diagnostic SNPs by
carrying out an additional run of the populations module
within STACKS where the potentially admixed individual
was excluded from the analysis. When excluding speci-
men ICE_SV2, 154 664 loci and 39 086 species-specific
SNPs were identified. We found 23 of these diagnostic
SNPs in ICE_SV2 from which two SNPs showed alleles
typical of L. albirostris (one locus being sampled in only
three other L. albirostris and one L. acutus) and the
remaining 21 loci showed alleles typical of L. acutus
(Table S4, Supporting information).
To rule out the possibility of having misclassified
ICE_SV2 because of its low coverage, we down-sampled
the genotypes of all other individuals that shared at least
10 SNPs with ICE_SV2 (N = 28) so that only the 42 loci
used for ICE_SV2 were considered in an additional
ADMIXTURE run. ADMIXTURE results for K = 2 (two geneti-
cally distinct groups assumed) correctly assigned all
individuals to their expected species except for ICE_SV2,
which was assigned to the L. acutus group (Fig. S3, Sup-
porting information).
Finally, we assessed the levels of heterozygosity and
nucleotide diversity within two of the pods of L. acutus
sampled in the Faroe Islands. Levels of diversity were
lower when each of the pods was studied separately
than when all Faroese dolphins were analysed together.
However, indices were similar to those encountered in
Table 1 Diversity indices estimates for L. albirostris and L. acu-
tus (%  standard error). All positions (variant and fixed) are
considered
Species Nucleotide diversity, p Observed heterozygosity
L. albirostris 0.0300  0.0004 0.0120  0.0002
L. acutus 0.0492  0.0006 0.0195  0.0004 Fig. 3 Cross-validation (CV) error (y axis) for K between 1 and 6
as given by ADMIXTURE.
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GENOMEWIDE SNP CATALOGUE IN LAGENORHYNCHUS SPP . 271
larger geographical areas (i.e. Ireland, Scotland; Table 2)
where a similar number of dolphins, sampled through-
out an 11- to 14-year period, were studied.
Discussion
New panel of genetic markers
We present a large set of loci and SNPs discovered by
RADSeq and shared between two related cetacean spe-
cies. Previous population genetic studies of both species
have sequenced fragments of the mtDNA control region
(Banguera-Hinestroza et al. 2010, 2014; Mirimin et al.
2011) and <15 microsatellite markers, which were either
specifically designed for the white-beaked dolphin
(Banguera-Hinestroza et al. 2010, 2014) or were based on
resources developed for other cetacean species (Mirimin
et al. 2011; Banguera-Hinestroza et al. 2014). Only the
white-beaked dolphin mitogenome has been published
(GenBank Acc. No. AJ554061; Arnason et al., 2004) and
has been used in phylogenetic studies (i.e. Arnason et al.,
2004; Vilstrup et al. 2011). Hence, limited genetic
Fig. 4 ADMIXTURE results for 112 individuals, K = 4 (a) and K = 2 (b). FAR = Faroe Islands; FRA = France; GER = Germany;
IRE = Ireland; SCO = Scotland; DEN = Denmark; ICE = Iceland; NOR = Norway; NOR-NS = Norway North Sea.
Table 2 Diversity indices estimates for L. acutus subgroups
(%  standard error). All positions (variant and fixed) are con-
sidered. * one specimen (FAE_394; see Table S1, Supporting
information) collected on 05 September 2003 included
Subgroup
Nucleotide
diversity, p
Observed
heterozygosity
Faroe, pod collected on
26/08/2003, N = 7
0.0317  0.0007 0.0225  0.0006
Faroe, pod collected on
08/09/2004, N = 10
0.0267  0.0006 0.0131  0.0005
Faroe Islands all, N = 18* 0.0427  0.0006 0.0219  0.0005
Ireland, N = 12 0.0331  0.0006 0.0127  0.0004
Scotland, N = 11 0.0285  0.0007 0.0154  0.0006
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resources were available for the two species, particularly
for the white-sided dolphin, and the novel set of 52 981
SNPs distributed along 38 240 shared RAD-tags between
both dolphin species described here represents a major
advance. Our SNP panel could be used in future studies
of Lagenorhynchus spp., for example carrying out RAD-
Seq of additional samples, selecting a set of markers to
be used in SNP chip genotyping experiments and/or tar-
get enrichment across a larger number of individuals.
The latter approach will offer the additional advantage
of being compatible with the analysis of historical and
ancient specimens preserved in museum collections (e.g.
Tin et al., 2014), which are often characterized by
degraded DNA material, and will therefore allow inves-
tigations over a historical temporal range.
RADSeq methodology pros and cons
RADSeq constitutes a useful methodology for genome-
wide population genetic studies of non-model organisms
by providing large panels of genomewide markers at
relatively low cost. In our particular study, however, we
found two major limitations with the methodology:
failure to sequence the same loci for every sample of
interest, which may result in large amounts of missing
data for a given SNP, and our inability to remove PCR
duplicates (as within RAD-tags, 50-read coordinates all
start at the same genomic location), which may result in
an overrepresentation of a single allele and, therefore, an
overestimation of homozygotes. The first of these limita-
tions could have been caused by different starting DNA
qualities and by DNA fragmentation that could have
resulted from the failure of the enzyme to bind to every
cut site. Although dependent on the choice of restriction
enzymes, large genome sizes, such as those of dolphin
species (i.e. for the bottlenose dolphin, a first genome
draft of 2.49 Gb has been released; Lindblad-Toh et al.
2011), usually result in a high number of enzymatic cut
sites (Davey et al. 2011) and with limited sequencing
efforts, in allelic dropout. The second limitation can be
overcome if paired-end sequencing is used, because PCR
duplicates can then be identified using coordinates from
both reads, thereby reducing the rate of false positives
(Schubert et al. 2014). We used single-end sequencing in
our study due to software limitations when working
with non-model organisms that require same-length
reads as input files in order to identify RAD-tags, alleles
and, ultimately, SNPs (i.e. STACKS; Catchen et al. 2013).
Additional software developments such as the proposed
PYRAD pipeline (Eaton 2014) may also be able overcome
this limitation.
We have used samples of animals kept in excellent
preservation conditions, and we have monitored contam-
ination and included blanks throughout the DNA extrac-
tion procedures and library building (see Materials and
methods section). If a reference genome is available,
however, the removal of misaligned reads would consti-
tute a powerful additional measure to completely
remove contamination due to exogenous DNA. Finally,
several of our libraries were sequenced twice due to low
coverage of one or several of the four dolphins included
in the library after a first sequencing run. Resequencing
provided additional reads that were used for RAD-tag
and SNP calling. Sequencing new libraries of the same
individuals instead of sequencing the same libraries
twice could have provided a larger variability and,
potentially, the sequencing of new RAD-tags flanking
additional enzyme cut sites.
Population structure and biological findings
Our ADMIXTURE analyses highlighted a certain degree of
population substructure in both species. Substructuring
levels were higher for white-beaked dolphins than
white-sided dolphins given that for an ADMIXTURE analy-
sis assuming three genetic clusters, white-beaked
showed substructuring, while white-sided were all
assigned to the same deme. Population substructuring in
both dolphins species could not be unequivocally linked
to geographical region, given that individuals from the
four identified clusters were found throughout the
research areas (Fig. S4a–e, Supporting information).
From this reason, and given the highly similar cross-vali-
dation errors obtained in ADMIXTURE, K = 2 may represent
the most appropriate choice based on data from the cur-
rent study.
Levels of nucleotide diversity were lower in white-
beaked than in white-sided dolphins, in agreement with
previous studies based on mtDNA control region
sequences (Banguera-Hinestroza et al. 2010, 2014; Miri-
min et al. 2011). We should caution that our genomewide
diversity assessment is an underestimation because only
RAD-tags containing 0–2 SNPs have been considered in
the calculation. Our SNP density estimates, however,
(one SNP every 193 bp when both species are considered
together), are in line with findings from Viricel et al.
(2014), who reported one SNP every 292 bp for five indi-
viduals of short-beaked common dolphins, Delphinus del-
phis. Our estimates are much higher than those
suggested for the genetically depleted Bornean elephant,
Elephas maximus borneensis, where sequence variability
corresponded to approximately one SNP per 1250 bp for
eight studied specimens (Sharma et al. 2012), which
could reflect differences in mutation rates, generation
times and other life history traits, as well as differences
in their recent population history.
The Faroese government reported the capture of 312
and 617 white-sided dolphins in 2005 and 2006, respec-
© 2015 John Wiley & Sons Ltd
GENOMEWIDE SNP CATALOGUE IN LAGENORHYNCHUS SPP . 273
tively (NAMMCO Annual Report 2006). The data on life
history and abundance currently available for the two
Lagenorhynchus species, however, are not believed to be
sufficient to produce stock assessments and delineations
(NAMMCO Annual Report 2010). Two white-sided dol-
phin pods sampled in the Faroe Islands showed levels of
diversity similar to dolphin aggregates of similar sizes
from other geographical areas that were sampled over a
11- to 14-year period (i.e. Scotland, Ireland). Thus, no evi-
dence of higher levels of kinship within pods can be
derived from our analyses. Mirimin et al. (2011) found
that the white-sided dolphins sampled in two mass-
stranding events (N = 19 and N = 5) in Ireland were
mainly unrelated to each other and suggested that the
species does not show natal philopatry. It should be
noted that, in our case, only adult dolphins were sam-
pled within each pod, which could have influenced the
results and eliminated the possibility of having included
mother–calf pairs in our analyses.
Based on our overall estimates of nucleotide diversity,
estimates for long-term effective population sizes were
calculated in each species (61 253–88 963 individuals for
white-beaked and 100 775–146 363 for white-sided dol-
phins). These results should be taken with caution
because the model used (see Materials and methods sec-
tion) assumes both that sites evolve neutrally and an
idealized random-mating population at a constant size,
requirements that may not be fully met. Our findings,
however, are in line with previous studies that have esti-
mated the global population size of white-beaked dol-
phins (in the western and eastern parts of the North
Atlantic) to lie between the high tens of thousands to low
hundreds of thousands of individuals (Reeves et al.
1999). In addition, a survey covering the North Sea and
adjacent waters provided an estimate of 7856 (coefficient
variation, CV = 0.30) L. albirostris and 11 670 (CV = 0.26)
Lagenorhynchus spp. in the research area (Hammond et al.
1995). A similar survey covering the same area in 2005
estimated an abundance of 16 536 (CV = 0.30) white-
beaked dolphins (Hammond et al. 2013).
Specimen ICE_SV2 was by-caught in the gillnet fish-
ery operating in Icelandic waters, and no pictures are
available from this specimen. No phenotypic and/or col-
our pattern comparison of the dolphin is thus possible;
hence, a potential misclassification of the species in the
field cannot be ruled out. As opposed to white-beaked
dolphins, white-sided dolphins are not common within
Icelandic coastal waters (Vıkingsson 2004; Pike et al.
2009), but sightings and strandings of the species have
been reported within the area (e.g. JNCC, 2003, Vıkings-
son 2004). According to dedicated surveys, they are more
abundant in offshore Icelandic waters (Sigurjonsson &
Vıkingsson 1997). Schaurich et al. (2012) reviewed 37 sci-
entific publications between 1940 and 2010 and found a
total of 27 hybridization events among cetaceans in the
wild with several such episodes being recorded among
dolphins (N = 6), including specimens of the genus La-
genorhynchus and close relatives (i.e. L. obscurus and Del-
phinus capensis, N = 1, and L. obscurus and Lissodelphis
peronii, N = 1). It has been argued that cetacean hybrid-
izations can occur towards the limits of the species’ dis-
tribution ranges where reproductive resources are scarce
and population sizes are small (Berube 2008). However,
this does not seem to be the case for Icelandic white-
beaked and white-sided dolphin populations because
Icelandic coastal and offshore waters are well within the
distribution ranges of both species (Shirihai & Jarrett
2006). Thus, although hybridization has been observed
in a number of cetacean species both in captivity and in
the wild, our findings require further investigation
before it will be possible to evaluate the existence and
importance of gene flow across these two species.
Conservation
Both of the species studied here are endemic to the North
Atlantic and potentially threatened by ongoing and
future climatic warming (Mac-Leod 2009; Lambert et al.
2014) as several parts of their distribution range are
likely to become unsuitable within the next 100 years
(Lambert et al. 2014). Protecting populations of white-
beaked dolphins on both sides of the North Atlantic has
been identified as a priority by ASCOBANS (2009). At
the same time, ASCOBANS (2009) stresses the need to
increase the availability of samples for genetic studies of
both species. The comprehensive sample set and, most
importantly, the panel of genomewide markers reported
here represent the first step towards this goal and future
conservation genetic studies.
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